Rickettsial infection in dog-associated ticks in three rural communities of Yucatan, Mexico was investigated using qPCR and nested PCR assays. A total of 319 dogs were studied and ticks samples were collected. A total of 170 dogs were infested with ticks (frequency of 53.4%). Overall, 1,380 ticks representing seven species were collected: Amblyomma mixtum, A. ovale, A. parvum, A. cf. oblongoguttatum, Ixodes affinis, Rhipicephalus microplus, and R. sanguineus sensu lato. The most abundant species was R. sanguineus s.l. with a mean intensity of 7.4 ticks/host. Dogs in the communities of Chan San Antonio and Yaxcheku were 2.84 and 2.41 times more likely to be infected with R. sanguineus compared with Sucopo (p < 0.05). Adult pools of A. mixtum, A. parvum, I. affinis, R. microplus, and A. c.f. oblongoguttatum were negative to E. chaffeensis, E. ewingii, A. phagocytophilum, and R. rickettsii. However, pools of R. sanguineus s.l. adults and A. ovale adults, as well as nymphs of Amblyomma spp.
changes in human behaviour, and increased number of wildlife hosts, which may together favour the spreading and establishment of selected tick species into some areas (Dantas-Torres, 2015) .
In Mexico,~100 tick species belonging to the Ixodidae and Argasidae families (Pérez, Guzmán-Cornejo, Montiel-Parra, ParedesLeón, & Rivas, 2014) are estimated to infest animals and human and several species are capable of transmitting zoonotic pathogens (Solís-Hernández, Rodríguez-Vivas, Pérez-Barrera, Esteve-Gassent, & Apanaskevich, 2015) . Many tick species are known or potential vectors of infectious agents that are pathogenic to human and dogs. In Yucatan, Mexico, the most common tick species infesting dogs reported to date are Rhipicephalus sanguineus sensu lato, Amblyomma mixtum, A. sabanerae, A. parvum, A. ovale, A. auricularium, A. maculatum, Ixodes near affinis, and Dermacentor nitens (Rodríguez-Vivas et al., 2016; Solís-Hernández et al., 2015) .
Important endemic tick-borne pathogens infecting dogs in Yucatan, Mexico include Babesia canis (Rodríguez, Domínguez, & Cob, 2000) , Ehrlichia canis (Pat-Nah, Rodriguez-Vivas, Bolio-Gonzalez, focused on R. sanguineus s.l. from urban areas (Rodríguez et al., 2000) , there is limited reliable information on the diversity of ticks infesting dogs in rural communities and the pathogens they can transmit. To fill this knowledge gap, this study aimed to investigate the pathogens infecting ticks infesting dogs to evaluate the current risk of zoonotic infection in this group of companion animals living in rural communities of Yucatan, Mexico.
| MATERIALS AND METHODS

| Study area and sampling
The study was carried out in three rural communities of Yucatan state in Mexico. The studied rural communities were Chan San Antonio (21°21′66″N and 88°25′00), Sucopo (21°9′0″N and 88°4′0″O), In Chan San Antonio, Sucopo, and Yaxcheku, 69, 96, and 49 homes reporting ownership of at least one dog, respectively, were selected for convenience to enroll in this study. Each community was divided into four quadrants taken as reference the main streets crossing the towns south to north and from east to west. In each quadrant, 12-24 homes were selected for dog sampling. Each of the selected households was visited from June 2016 to April 2017. A total of 319 dogs were inspected and ticks samples were collected when infestation was detected.
| Tick collection and identification
All dogs from the selected households were inspected for ticks in the larval, nymphal, and adult stages. The inspection consisted of examining each dog for a period of 10-15 min to collect tick samples on the animal. Samples were collected with minimum stress to the dogs following current regulations for animal handling and sample collection in Mexico (NOM-062-ZOO-1999) and with the owners present. Ticks were manually removed with the aid of fine-point forceps as close to the dog's skin as possible without compromising the ticks' mouthparts (Gammon & Salam, 2002) . All ticks were trans- proposed by Nava et al. (2014) for designed as Amblyomma mixtum within the Amblyomma cajennense species group, and the proposal of Lopes et al. (2016) to denominated Amblyomma cf. oblongoguttatum, as a tentative different species to A. oblongoguttatum from Brazil.
| Tick DNA extraction
For molecular diagnosis of rickettsial agents present in the ticks per infested dog, a pool was made with ticks of the same genus (2-8 nymphs) and the same species (1-4 adults), so that a total of 277 pools were made. DNA was extracted from ticks using a commercial kit (DNeasy Blood & Tissue Kit, QIAGEN, USA.). Prior to tick DNA extraction, ticks were transferred to prechilled 1.5-ml tubes. Liquid nitrogen-cooled disposable pellet pestles for 1.5-ml centrifuge tubes were used to grind each tick against the tube walls for 30 s. DNA samples were aliquoted into two groups for separate molecular analysis in two research centres.
| Polymerase Chain Reaction (PCR) procedures
The samples were initially screened for the Anaplasmataceae taxon by the proprietary TickPath Layerplex (qPCR) at Texas A&M Yucatan. Fragments of the 16S rRNA and ompB genes were amplified in the nested PCR to detect Ehrlichia/Anaplasma (Massung et al., 1998; Murphy, Ewing, Whitworth, Fox, & Kocan, 1998) and Rickettsia spp. (Choi et al., 2005) respectively. External primers to distinguish genus, and internal ones to distinguish species were used. Primers, target gene, and conditions of the nested PCR used are mentioned in Table 1 . E. canis, E. chaffeensis, A. phagocytophilum, and R. coronii plasmids were used as positive controls and nuclease-free water as a negative control. 
| Sequencing and phylogenetic analysis
One adult pool of A. ovale, one adult pool of R. sanguineus s.l., and one nymph pool of Amblyomma spp. positives to a fragment of the 16S rRNA of E. canis were sequenced. Products were purified using E.Z.N.A.
® gel Extraction Kit (Omega Bio-tek, Inc, Norcross, Georgia, USA) and sequenced in the laboratory DIMYGEN ® (Mérida, Yucatán, México; http://www.dimygen.com/). The resulting sequences were compared to sequences of E. canis deposited in GenBank ® by using BLAST (http://www.ncbi.nlm.nih.gov/blast).
Nucleotide sequences were edited and aligned using Mega 7.0 (Kumar, Stecher, & Tamura, 2015) software packages. The Kimura 2-parameter model was selected as the best-fit model using Model
Test implemented in Mega 7.0 (Kumar et al., 2015) . Maximum likelihood phylogenetic trees were constructed using Mega 7.0 (Kumar et al., 2015) with nodal support being assessed by 10,000
bootstrap. All sequences generated in this study were deposited in GenBank ® .
| Questionnaire and statistical analysis
A questionnaire was submitted to each dog owner to obtain information about general ectoparasite control practices, communities, and season of the year. Infestation frequency was expressed as a percentage calculated with the formula: number of dogs infested with ticks/the number of examined dogs ×100%. Infestation intensity for each tick species was calculated with the following formula: total number of a tick species/number of infested dogs with the same species.
For tick associated factors, dogs infested with R. sanguineus s.l.
were considered as dependent variable. General ectoparasite control practices (yes, no), communities (Chan San Antonio, Sucopo, and Yaxcheku), and season of the year (dry and rainy) were considered as independent variables. A univariate χ 2 analysis was used as a primary screening of exposure variables using the Statistix software, version 9. All variables with p < 0.20 were analysed by a multivariate analysis (logistic-binomial regression model of fixed effects) using the SPSS program version 18.0 for Windows, which provides exact regression estimates, 95% confidence intervals, odds ratio (OR-a measure of association that quantifies the relationship between the exposure variables and outcomes), and pvalues (regression coefficient). We considered a p-value <0.05 as statistically significant.
| RESULTS
Three-hundred and nineteen dogs from three rural communities of
Yucatan were inspected for tick collection. A total of 172 dogs were parasitized by ticks, which yielded an infestation frequency of 53.9%. The tick species collected from the dogs and their frequency are listed in Table 2 . Overall, 1,380 individuals belonging to three genera and seven species were collected: Amblyomma mixtum, A.
ovale, A. parvum, A. cf. oblongoguttatum, suggested by Lopes et al. (2016) to be different from A. oblongoguttatum from Brazil, Ixodes affinis, Rhipicephalus microplus, and R. sanguineus s.l. The most common tick species infesting dogs was R. sanguineus s.l. with frequencies of 48.4%, 27.1%, and 46.3%, and intensity of 9.8, 7.6, and 4.9 in the communities Chan San Antonio, Sucopo and Yaxcheku respectively (Tables 2 and 3 ).
Univariate analysis identified community and season (p < 0.2) as the variables that needed to be included in the multivariate analysis.
Results of the logistic regression analysis are shown in Table 4 . Dogs in Chan San Antonio and Yaxcheku were 2.84 and 2.41 (OR value; p = 0.000 and p = 0.004 respectively) times more likely to be infested with R. sanguineus s.l. than in Sucopo.
To determine the rickettsial agents present in the ticks per infested dog, a pool was made with ticks of the same genus (2-8 nymphs), and the same species (1-4 adults). This approach yielded a total of 277 pools. Using qPCR analysis, 6.1% tick pools were positive for E. canis (17/277). None of the tick pools were positive for E. chaffeensis, E. ewingii, A. phagocytophilum, or R. rickettsii.
The 17 E. canis tick pools positive by qPCR were also positive in the nested PCR. Eleven pools of adult R. sanguineus s.l. include Artiodactyla (Tayassuidae, Suidae, Cervidae), Perissodactyla (Tapiridae and Equidae), and Carnivora (mostly Canidae and Felidae) (Martins, Luz, Faccini, & Labruna, 2017 Dogs can represent a model of tick-borne disease in humans. Several tick species that parasitize dogs in Mexico, including R. sanguineus s.l., can also bite humans, which represents a pathway for the probable transmission of zoonotic tick-borne pathogens from companion animals to humans (Rodríguez-Vivas et al., 2016) . Data presented here indicate that the interaction of R. sanguineus s.l. with humans in rural communities studied of Yucatan warrants further investigations.
Previous findings bear relevance to the relatively high frequency of R. sanguineus s.l. in dogs from Yucatan (Solís-Hernández et al., 2018) . Dogs apparently lack the ability to acquire protective immunity against that ectoparasite (Szabó, Mukai, Rosa, & Bechara, 1995) . In this study, A. mixtum and A. ovale presented intensities of 1.7 and 1.5 respectively. Jones, Clifford, Keirans, and Kohls (1972) stated that rodents appear to be the preferential hosts for immature stages of A. ovale. However, Guglielmone et al. (2003) found that the great majority of adult specimens (84.3%) were found on Carnivora. | 107
(2008) mentioned that R. sanguineus s.l. exhibits behaviour that can be classified as nidicolous, e.g., inhabiting burrows, artificial shelters, between rocks and crevices, etc., and seeking harbourage, i.e., sequestered in the immediate vicinity of host dwellings.
None of the studied pools of adult ticks were positive for E. chaffeensis, E. ewingii, A. phagocytophilum, or R. rickettsii. These tick-borne pathogens can infect a wide range of vertebrate hosts including humans (Atif, 2015; Yabsley, 2010) . Their ecology involves hard ticks (Ixodidae)
as vectors, wildlife and domestic animals, and human as hosts (Atif, 2015 (Ndip et al., 2007; Souza et al., 2010) , to 27% in Ivory Coast (Socolovschi et al., 2012) . These findings highlight the importance R. sanguineus s.l. as a vector of E. canis in dogs worldwide, including Yucatan in Mexico.
Human infection by E. canis or novel genotype of E. canis has been reported in Venezuela (Perez, Rikihisa, & Wen, 1996) Tick species in the genus Amblyomma (i.e., A. americanum) have been incriminated as vectors of E. ewingii in dogs (Murphy et al., 1998) . In our study, two pools of Amblyomma spp. nymphs (4.4%), and four of A. ovale (12.9%) were positive for E. canis. To our knowledge, this is the first report worldwide of A. ovale infection with E. canis.
Amblyomma ovale is the vector of R. belli and R. parkeri strain in the Atlantic rain forest of Brazil (Sabatini, Pinter, Nieri-Bastos, Marcili, & Labruna, 2010) . In Belize, Lopes et al. (2016) collected ticks from wild animals and reported R. parkeri strain Atlantic rain forest in A. ovale.
Since A. ovale ticks were collected directly from dogs, our results for E. canis could have originated from infected blood ingested by these ticks. Further studies are required to confirm the role of Amblyomma species, and especially A. ovale, as vectors of E. canis able to transmit this pathogen to dogs and humans in Yucatan, Mexico.
| CONCLUSION S
We documented that ticks infesting dogs in rural communities of Yucatan, Mexico are infected with tick-borne rickettsia. Molecular assays showed that R. sanguineus s.l., A. ovale, and nymphs of Amblyomma spp. were positive for E. canis, which is known to cause disease in dogs and probably infection in humans. The infection of A. ovale with E. canis is reported here for the first time. Our findings highlight the need to control tick infestations in dogs that can also mitigate the risk of tick-borne disease transmission among companion animal and humans living in rural communities of Yucatan, Mexico.
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